Tetraspanin protein CD9 supports sperm-egg fusion, and regulates cell adhesion, motility, metastasis, proliferation and signaling. The large extracellular loop and transmembrane domains of CD9 engage in functionally important interactions with partner proteins. However, neither functional nor biochemical roles have been shown for the CD9 C-terminal tail, despite it being highly conserved throughout vertebrate species. To gain new insight into the CD9 tail, three C-terminal amino acids (Glu-Met-Val) were replaced with residues corresponding to C-terminal amino acids from tetraspanin protein CD82 (Pro-Lys-Tyr). Wild-type and mutant CD9 were then stably expressed in MOLT-4, K562, U937, RD and HT1080 cells. Whereas wild-type CD9 inhibited cell adhesion and spreading on fibronectin, mutant CD9 did not. Wild-type CD9 also promoted homotypic cell-cell aggregation and microvilli formation, whereas mutant CD9 did not. Protein interactions of wild-type and mutant CD9 were compared quantitatively using stable isotope labeling with amino acids in cell culture (SILAC) in conjunction with liquid-chromatography-tandem mass spectrometry (LC-MS/MS) technology. SILAC results showed that, despite wild-type and mutant CD9 having identical expression levels, mutant CD9 and its major transmembrane interacting partners were recovered in substantially reduced amounts from 1% Brij 96 lysates. Immunoprecipitation experiments confirmed that mutant CD9 recovery was decreased in Brij 96, but not in more stringent Triton X-100 detergent. Additionally, compared with wild-type CD9 complexes, mutant CD9 complexes were larger and more oligomerized in Brij 96 detergent, consistent with decreased Brij 96 solubility, perhaps due to more membrane domains packing more tightly together. In conclusion, multiple CD9 functions depend on its C-terminal tail, which affects the molecular organization of CD9 complexes, as manifested by their altered solubilization in Brij 96 and organization on the cell surface. 
Introduction
The tetraspanin protein family contains 33 distinct members, each with four transmembrane domains, short N-and C-terminal cytoplasmic domains, a small intracellular loop and two extracellular loops (Berditchevski, 2001; Boucheix and Rubinstein, 2001; Hemler, 2003) . The larger extracellular loop contains CCG and PXSC motifs, which are hallmarks of the tetraspanin family (Seigneuret et al., 2001) . Through the large extracellular loop, tetraspanins interact with themselves and with other proteins, including membrane-bound growth factors, immunoglobulin (Ig) superfamily proteins, signaling enzymes and integrins (Berditchevski, 2001; Levy and Shoham, 2005) . These proteinprotein interactions underlie the assembly of structural and functional units called tetraspanin-enriched microdomains (TEMs) (Espenel et al., 2008; Hemler, 2005; Nydegger et al., 2006; YanezMo et al., 2009) . Within TEMs, tetraspanins can modulate the functions of associated proteins, thereby regulating many physiological and pathological processes, such as fertilization, cell adhesion, motility, tumor invasion and transendothelial migration (Barreiro et al., 2005; Berditchevski and Odintsova, 1999; Miyado et al., 2000; Ono et al., 1999; Zoller, 2009 ).
CD9, a member of the tetraspanin family, is expressed in multiple cell types, including hematopoietic cells, endothelial cells, epithelial cells, smooth muscle cells, pre-B cells and many tumor cell lines (Boucheix and Rubinstein, 2001; Hemler, 2003) . Oocytes lacking CD9 are deficient in sperm-egg fusion (Kaji et al., 2000; Le Naour et al., 2000; Miyado et al., 2000) , at least partly due to alterations in microvilli on the oocyte surface (Runge et al., 2007) . CD9 also regulates myoblast (Tachibana and Hemler, 1999) and monocyte (Takeda et al., 2003) fusion, and HIV-induced syncytia formation (Gordon-Alonso et al., 2006) . CD9 has tumor-suppressor-like functions in many tumor cell types, and can inhibit cell invasion and metastasis (Ikeyama et al., 1993; Zoller, 2009) . CD9 also contributes to cell signaling (Huang et al., 2004) , and can regulate cell adhesion (Masellis-Smith and Shaw, 1994) , migration (Anton et al., 1995) , apoptosis (Murayama et al., 2004) , membrane protein shedding (Shi et al., 2000) and diphtheria toxin binding (Iwamoto et al., 1994) . To assist in these diverse functions, CD9 interacts directly with transmembrane proteins EWI-2 (Charrin et al., 2003; Stipp et al., 2001a) and EWI-F (also called CD9P-1 and FPRP) (Charrin et al., 2001; Stipp et al., 2001b) . CD9 also interacts with other proteins, including other tetraspanins, a subset of integrins, other adhesion molecules, membrane proteases, choline receptors and G proteins (Le Naour et al., 2006) .
Whereas the functional importance of tetraspanin large extracellular loops (EC2) is well recognized, the C-terminal tails have received less attention. The C-terminal tail of tetraspanin CD63 binds to AP-3 adaptor subunit 3 (Rous et al., 2002) and to a PDZ domain in syntenin-1 (Latysheva et al., 2006) , which affects CD63 distribution and trafficking. The CD81 C-terminal tail was suggested to associate directly with ezrin-radixin-moesin (ERM) proteins (Sala-Valdes et al., 2006) , whereas a YRSL sequence in the CD151 cytoplasmic domain might determine intracellular trafficking and function (Liu et al., 2007) . In addition, the short Cterminal tail of CD151 supports integrin-61-dependent cellular cable formation and adhesion strengthening (Lammerding et al., 2003; Yang et al., 2002) . As in other tetraspanins, CD9 contains a C-terminal tail that is short (only eight residues) and highly conserved across several animal species, suggesting functional importance. However, essentially nothing is known about the function and biochemistry of the CD9 C-terminal tail. Here, we have mutated the CD9 C-terminal tail and examined the functional consequences. In addition, we have used a differential mass spectrometry technology called SILAC [stable isotope labeling of amino acids in cell culture (Ong et al., 2002) ], together with immunoprecipitation, gel filtration and flow cytometry, to examine the effects of CD9 tail mutation on the molecular organization of CD9 complexes in detergent lysates and on the cell surface. To establish the generality of the conclusions, functional and biochemical studies were carried out using four to five different cell lines, including both adherent and non-adherent types.
Results

Expression and distribution of CD9 and CD9 mutant in different cell lines
The short C-terminal tail of CD9 (eight residues) is well conserved among seven different vertebrate species (Fig. 1A) . To address the functional and biochemical importance of the CD9 tail, the Cterminal EMV motif was replaced with PKY, which corresponds to the C-terminal amino acids of CD82 (Fig. 1B) . This particular conservative strategy was chosen because: the C-terminal EMV motif in CD9 partly resembles the functionally important PDZdomain-interacting C-terminal EVM site in CD63 (Latysheva et al., 2006) ; more radical CD9 C-tail mutations lead to loss of cellsurface expression (e.g. Ryu et al., 2000) ; CD9 and CD82 are the two tetraspanins most known for having tumor suppressor functions 2703 CD9 C-terminal tail functions (Cajot et al., 1997; Huang et al., 1998; Miranti, 2009; Miyake et al., 1995) ; and various other CD9-CD82 chimeras have been effectively utilized in prior studies (Charrin et al., 2003; GutierrezLopez et al., 2003) . Several CD9-deficient cell lines (MOLT-4, K562, RD, HT1080 and U937) were stably transfected with wildtype and mutant CD9, to yield similar total expression levels, as seen by immunoblotting of CD9 (supplementary material Fig. S1A and Fig. S1C, inset) . Cell-surface expression was also comparable, as seen by flow cytometry (supplementary material Fig. S1B,C) .
CD9 but not CD9 mutant inhibits cell adhesion and cell spreading
CD9 might regulate integrin-dependent cell adhesion and spreading (Berditchevski, 2001; Deng et al., 2000; Hemler, 2003) . Hence, we analyzed cell adhesion and spreading for K562 cells transfected to express wild-type and mutant CD9. Diminished adhesion to fibronectin was seen for wild-type CD9 cells ( Fig. 2A) compared to mutant CD9 cells (Fig. 2B ) and control K562 cells (Fig. 2C) . Quantification ( Fig. 2D ) confirmed that adhesion was diminished upon expression of wild-type CD9, but not mutant CD9, at both 30 minutes and 2 hours after plating. CD9 also inhibited spreading of both MOLT-4 and K562 cells on fibronectin, as seen in photos ( Fig. 3A ) and after quantification (Fig. 3B,C) . Unlike CD9, mutant CD9 failed to inhibit spreading after 6 hours ( Fig. 3) , and also after 1 and 3 hours (supplementary material Fig. S2A,B) . Likewise, wild-type CD9, but not mutant CD9, inhibited spreading of RD cells at multiple time points after plating (supplementary material Fig. S2C -E).
CD9 but not CD9 mutant promotes cell aggregation
CD9 has been associated with cell-cell aggregation (Letarte et al., 1993; Masellis-Smith et al., 1990) . Indeed, expression of wild-type CD9 promoted MOLT-4 cell-cell aggregation when cells were plated for 2 hours on collagen I (Fig. 4A ) or on laminin-5 (Fig.  4B) , or in the presence of 10% fetal bovine serum (FBS) (Fig. 4C) . Expression of mutant CD9 had a minimal pro-aggregation effect ( Fig. 4A-C) . Non-coated plastic with no serum yielded no aggregation, regardless of CD9 expression (Fig. 4D ). CD9 promotion of MOLT-4 cell aggregation in the presence of collagen I, laminin-5 or FBS (which contains fibronectin) is consistent with a role for 1 integrins (Letarte et al., 1993; Ziyyat et al., 2006 ).
CD9 but not CD9 mutant promotes microvilli formation
CD9 was previously observed within filopodia and microvilli, in proximity to F-actin (Kaji et al., 2001; Runge et al., 2007; Stipp et al., 2003) . To gain clues regarding functional differences between wild-type and mutant CD9, we analyzed staining patterns on adherent cell lines RD (Fig. 5 ) and HT1080 (supplementary material Fig. S3 ). In both cell types, wild-type CD9 expression correlated with formation of abundant filopodia and microvilli-like projections, with CD9 within the projections (Fig. 5A , arrows) colocalized with F-actin ( 
CD9 mutation alters sensitivity to Brij 96 detergent
To compare wild-type and mutant CD9 with respect to molecular interactions, they were expressed in a U937 cell variant, which lacks both CD9 and CD81. Thus, we hoped to avoid indirect CD81-dependent interactions between various partner proteins and CD9. CD9 complexes then were analyzed using SILAC, a 2704 Journal of Cell Science 124 (16) differential mass spectrometry quantification method (Ong et al., 2002) . Wild-type and mutant CD9 were expressed at comparable levels in U937 cells, as demonstrated by cell surface flow cytometry (supplementary material Fig. S1C ) and by immunoblotting from Triton X-100 whole-cell lysates (supplementary material Fig. S1C , inset). Wild-type CD9-transfected cells were then grown for 10 doublings in 13 C-leucine heavy isotope, whereas mutant CD9-transfected cells were grown in medium containing normal leucine (light isotope). Equal numbers of cells were mixed, lysed together in 1% Brij 96 and then CD9 complexes were recovered, using beads coated with anti-CD9 monoclonal antibody (mAb) ALB6. Mass spectrometry coupled with quantitative SILAC analysis showed that peptides from eight different proteins were coimmunoprecipitated in comparable amounts [heavy (H):light (L) ratios~1.0-1.4] with wild-type and mutant CD9 (Table 1, bottom). However, recovery of CD9 itself and six of its known partner binding proteins was notably amplified for wild-type CD9 compared with for mutant CD9 (H:L ratios2.3-3.3; Table 1 , top). Although recovery of the major CD9 partner protein EWI-2 was increased for wild-type CD9 compared with mutant CD9 (Table  1) , cell surface expression of EWI-2 on U937 cells (data not shown), K562 and RD cells (supplementary material Fig. S4 ) was unaltered by CD9 tail mutation.
CD9 mutation changes protein solubilization and organization in Brij 96
Results obtained in Table 1 indicated that, even though wild-type and mutant CD9 were expressed at comparable levels on the surface of U937 cells and recovered at nearly identical levels in Triton X-100 lysates, recovery from Brij 96 lysates was diminished for complexes containing mutant CD9. Consistent with this interpretation, mutant CD9 was immunoprecipitated from RD and MOLT-4 Brij 96 lysates at levels that were 40-60% less than those of wild-type CD9 (Fig. 6A, left panels) . By contrast, wild-type and mutant CD9 were recovered at nearly identical levels from Triton X-100 lysates (Fig. 6A, middle panels) . Furthermore, when 1% Brij 96 cell lysates were subsequently supplemented, post lysis, to contain also 1% Triton X-100, the difference in CD9 recoveries disappeared (Fig. 6A, right panels) . These results suggest that mutant CD9 was not simply left behind in the cell pellet, but rather was reorganized to become partially unavailable (i.e. less soluble) within the Brij 96 lysate.
In contrast to the recognition of total CD9 by high-affinity anti-CD9 mAb (i.e. MM2/57 and ALB6), low-affinity anti-CD9 mAb C9BB preferentially recognizes clustered CD9 (Yang et al., 2006) . Whereas immunoprecipitation with anti-CD9 mAb MM2/57 typically yielded more wild-type CD9 (e.g. see Fig. 6A ), immunoprecipitation with mAb C9BB consistently yielded more mutant CD9 from Brij 96 lysates (Fig. 6B, left panels) . Hence, C9BB:MM2/57 recovery ratios (Fig. 6B , numbers below panels) were consistently higher for mutant CD9 relative to wild-type CD9. These ratios show that mAb C9BB, compared to MM2/57, has a 3-10-fold preference for mutant CD9 over wild-type CD9 in K562, RD and MOLT-4 cells. This result is consistent with mutant CD9 complexes being more clustered (Yang et al., 2006) and less well solubilized in Brij 96 detergent. Preferential recovery of mutant CD9 by mAb C9BB disappeared upon solubilization in Triton X-100 or upon post-lysis addition of Triton X-100 to lysates already containing Brij 96 ( Fig. 6B ; middle and right panels).
To assess further the differences between mutant and wild-type CD9 complexes in Brij 96 lysates, gel filtration experiments were carried out. Consistent with diminished mutant CD9 solubility in 1% Brij 96 and increased mutant CD9 clustering, a subset of surface biotin-labeled mutant CD9 complexes were distinctly larger than the largest wild-type CD9 complexes (Fig. 7A, fractions 3,4) .
CD9 C-terminal tail functions
The gel filtration size difference was not as obvious when cells were metabolically labeled with 3[H]-palmitate, largely because newly synthesized CD9 did not have time to assemble into larger complexes. Nonetheless, mutant CD9 complexes were still also a little larger than wild-type CD9 complexes, as particularly evident in column fractions 4-6 (Fig. 7B) .
Results in Figs 6 and 7 suggest that our CD9 mutation might also alter the organization of CD9 complexes on the surface of intact cells. As shown in Fig. 8A , mutant CD9 again showed enhanced binding of mAb C9BB, a probe for homooligomerization (Yang et al., 2006) . In a control experiment, surface expression of total CD9, assessed using mAb MM2/57, was not altered (Fig.  8B) .
Discussion
A functional role for the CD9 C-terminal tail
To assess the functional role of the highly conserved CD9 C terminus, a chimeric protein was designed, replacing the CD9 Cterminal Glu-Met-Val with Pro-Lys-Tyr from CD82. Expression of wild-type CD9 (in cells otherwise lacking CD9) inhibited cell adhesion and spreading on fibronectin, but promoted homotypic aggregation and microvilli formation. By contrast, mutant CD9 did not inhibit adhesion or spreading, and did not promote homotypic aggregation and microvilli formation.
Involvement of CD9 in integrin-dependent adhesion, spreading and homotypic aggregation has previously been observed (MasellisSmith et al., 1990; Masellis-Smith and Shaw, 1994; Shaw et al., 1995) . CD9-dependent formation of microvilli has also been observed (Runge et al., 2007) and anti-CD9-antibody-induced microvilli 'zippers' might promote cell-cell associations, leading to homotypic aggregation (Singethan et al., 2008) . We suggest that microvilli formation could interfere with cell adhesion and spreading, thus accounting for CD9 inhibition of these processes. Therefore, because mutant CD9 did not form microvilli, it was less able to promote homotypic aggregation and to inhibit adhesion and spreading. Our CD9 C-terminal mutation severely hindered each of the four different CD9 functions tested, and these results were seen in four different cell lines (two adherent, two nonadherent). Hence, the C-terminal tail is also likely to be crucial for other CD9-dependent processes, including platelet functions (Goschnick and Jackson, 2007), tumor suppression (Cajot et al., 1997; Huang et al., 1998; Miyake et al., 1995) , oocyte fertilization (Le Naour et al., 2000; Miyado et al., 2000) , MHC protein organization (Kropshofer et al., 2002; Unternaehrer et al., 2007) , cell-cell fusion (Tachibana and Hemler, 1999; Takeda et al., 2003) , formation and/or maintenance of paranodal junctions (Ishibashi et al., 2004) , HIV1-induced membrane fusion (Gordon-Alonso et al., 2006) and HIV1 cell-cell transmission (Krementsov et al., 2009) .
Specific residues within the large extracellular loop of CD9 contribute to gamete fusion (Zhu et al., 2002) and to upregulation of diphtheria toxin binding (Hasuwa et al., 2001) , and specific transmembrane residues contribute to CD9 homodimerization (Kovalenko et al., 2005) . However, until now there was little, if any, evidence for the CD9 C-terminal tail being functionally important. Although a role for the CD9 C-terminal tail was not previously established, there is precedent for the C termini of other tetraspanins being functionally important. For example, the Cterminal tail of CD151 supports integrin-dependent adhesion strengthening, cell morphology (Lammerding et al., 2003; Zhang et al., 2002) and intracellular trafficking (Liu et al., 2007) , and the C-terminal tail of CD63 regulates its internalization (Latysheva et al., 2006; Rous et al., 2002) , together with a cell-surface partner protein (Duffield et al., 2003) .
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Biochemical consequences of CD9 C-terminal tail mutation
Tetraspanin CD63, with a C-terminal G-Y-E-V-M sequence, interacts with a PDZ domain in syntenin-1 (Latysheva et al., 2006) , a transmembrane and cytoplasmic connector protein. However, CD9 does not directly interact with syntenin-1 (Latysheva et al., 2006) , and the C-terminal R-N-R-E-M-V sequence of CD9 does not closely match any of 16 consensus PDZ-interaction motifs (Tonikian et al., 2008) . The C-terminal tail of CD81, a tetraspanin similar to CD9, might interact directly with ERM proteins (Sala-Valdes et al., 2006) . However, the C terminus of CD9 did not directly interact with ERM proteins (Sala-Valdes et al., 2006) . To gain an unbiased assessment of CD9 protein associations affected by C-terminal tail mutation, we undertook a SILAC mass spectrometry approach, applying it to the study of multimolecular tetraspanin CD9 protein complexes. Although we mixed equal numbers of cells expressing equal amounts of wild-type CD9 (heavy-isotope labeled) and mutant CD9 (light-isotope labeled), we recovered 2.3-3.3-fold more wild-type CD9 and associated partner proteins from 1% Brij 96 lysates. Notably, CD9 and mutant CD9 were present in equal amounts both on the cell surface (as indicated by flow cytometry) and in the total cell lysate (as indicated by immunoblotting of Triton X-100 lysates). Furthermore, eight different background proteins, not known to be associated with CD9, were recovered at similar levels (H:L ratios1.0-1.4). Hence, complexes containing mutant CD9 and six of its associated proteins (but not the eight background proteins) were selectively less available to the anti-CD9 mAb-coated beads used to retrieve CD9 complexes from 1% Brij 96 lysates. These results point to a selective decrease in Brij 96 solubility for complexes containing mutant CD9 from U937 cells. Reduced recovery of mutant CD9 from 1% Brij 96 lysates was seen in two additional cell lines (RD and MOLT-4), expressing CD9 and mutant CD9 at comparable levels on the cell surface and in Triton X-100 lysates.
The post-lysis addition of Triton X-100 to Brij 96 lysates restored CD9 and mutant CD9 to a state of equal recovery, thus establishing that mutant CD9 was not left in the Brij 96 insoluble pellet. Instead, mutant CD9 seems to be reorganized into larger complexes in Brij 96 lysates, with skewed mAb recognition profiles. This idea is reinforced by mutant CD9 in lysates showing selectively decreased recognition by anti-CD9 mAb such as MM2/57 and ALB6, and showing selectively enhanced recognition by mAb C9BB, which preferentially binds to oligomerized CD9 (Yang et al., 2006) . Also, mutant CD9 seems to be larger than wild-type CD9, as seen by gel filtration of 1% Brij 96 lysates. Consistent with results seen in detergent lysates, mutant CD9 on the surface of intact cells again showed selectively enhanced mAb C9BB binding, indicative of increased homooligomerization. In a prior 2707 CD9 C-terminal tail functions study, molecular alterations of tetraspanin CD81 complexes resulted in major size changes (as seen by gel filtration) and major differences in recognition by selected anti-CD81 antibodies, both on the cell surface and in detergent lysates, with the latter differences disappearing upon addition of Triton X-100 (Kolesnikova et al., 2004) .
Regarding CD9 molecular organization, consistent results were seen in five different cell lines (two adherent, three nonadherent), each expressing CD9 and mutant CD9 at comparably moderate levels. Hence, conclusions seem to be generally applicable and not due to either excessive CD9 overexpression or specialized tetraspanin microdomain conditions only found in one or a few cell types.
We suggest that mutation of the CD9 tail leads to altered and/or unregulated assembly of CD9 complexes, with enhanced CD9 homooligomerization, such that transmembrane domain packing becomes more difficult to disrupt by the oleate sidechain of Brij 96. By contrast, wild-type CD9 probably engages in a specific (but not yet identified) interaction with the cytoskeleton, which leads to assembly of complexes that are less extensively organized in the lateral dimension and that seem more likely to contribute to assembly of microvilli.
CD9-associated proteins with high H:L ratios include CD82, TSPAN14, CD4, CTL1, CD224 and EWI-2. CD9 interactions with other tetraspanin proteins, including CD82 and TSPAN14, are well established (e.g. see Le Naour et al., 2006; Rubinstein et al., 1996) . CD9 associations with CD4, CD224 (-glutamyl transferase) and CTL1 (a choline transporter) have also been previously noted (Le Naour et al., 2006; Toyo-Oka et al., 1999) Triton X-100, or 1% Brij 96 subsequently supplemented to also contain 1% Triton X-100. After immunoprecipitation (IP) using anti-CD9 mAb MM2/57 and SDS-PAGE resolution, CD9 was detected by immunoblotting using mAb C9BB or MM2/57. Numbers indicate recovery of mutant CD9 relative to that of wildtype CD9. Note that the six lower panels are used again in B for a different purpose. (B)After detergent lysis as in A, immunoprecipitations were carried out using anti-CD9 mAb MM2/57 or C9BB as indicated. CD9 was then detected by immunoblotting using mAb MM2/57. Numbers indicate recovery of CD9 (wild type or mutant) using mAb C9BB relative to mAb MM2/57. Note that the third and fifth panel rows are identical to images used in the second and third rows of A.
Fig. 7. Gel filtration analyses of CD9 and mutant CD9 complexes.
(A)U937 cells stably expressing CD9 or mutant CD9 were surface labeled with biotin and then lysed in 1% Brij 96. Lysates were fractionated using a sepharose CL6B gel filtration column and biotin-labeled CD9 was detected as described in the Materials and Methods. (B)U937 cells were metabolically labeled using 3 H-palmitate, and then CD9 and mutant CD9 were fractionated and detected as described in the Materials and Methods. The sum of densitometry quantifications for each set of samples is 100%.
to CD9-dependent inhibition of cell migration and glioblastoma growth (Kolesnikova et al., 2008) . A problem with classical protein mass spectrometry assessment of protein complexes is that it is sometimes difficult to distinguish 'real' from adventitious protein associations. In our study, the six CD9 partner proteins identified with high H:L ratios are all therefore at least partly dependent on the CD9 C-terminal tail for assembly into the complex and thus might be validated as 'real' CD9 partners. By contrast, eight other proteins, with H:L ratios close to 1.0, associate independent of the C-terminal tail, consistent with them being background proteins.
The C-terminal tail of CD9 and other tetraspanins has several times been covalently tagged for the purpose of studying subcellular distribution and/or tetraspanin dynamics. Findings shown in this paper indicate that such results need to be evaluated cautiously. We show that even a relatively small change to the C-terminal tail can have a major effect on a wide range of functions, while also altering the cell-surface organization of a tetraspanin and nearly all, if not all, of its transmembrane partners.
Materials and Methods
Antibodies, plasmids and cell culture mAbs to tetraspanin CD9 (MM2/57, ALB6, C9BB), integrin 1 (TS2/16) and EWI-2 (rabbit polyclonal antibody) were referenced elsewhere (Yang et al., 2006) . MOLT-4, K562 and U937 cells [American Type Culture Collection (ATCC), Manassas, VA] were cultured in RPMI 1640 medium with 10% FBS, 100 U/ml penicillin and 100 g/ml streptomycin (Invitrogen). RD, HT1080 and ⌽NX-ampho packaging cells (ATCC) were maintained in DMEM with 10% FBS plus antibiotics. In CD9 mutant plasmid, the last three amino acids of CD9 (EMV) were replaced by the last three amino acids of CD82 (PKY). CD9 and CD9 mutant were cloned in a C-terminal FLAG-tagged pLXIZ retroviral vector. CD9, CD9 mutant and pLXIZ were transiently transfected into ⌽NX-ampho cells and retroviral infection of MOLT-4, K562, U937, RD and HT1080 cells was performed as previously described (Kolesnikova et al., 2004) . Stable infectants were selected in medium containing 200 g/ml zeocin (Invitrogen).
Cell adhesion, spreading and aggregation assays
For fibronectin coating, 12-well or 96-well plates were treated with 10 g/ml human fibronectin (BD Biosciences, Bedford, MA) in PBS at 4°C overnight, and blocked with 1% BSA in PBS for 1 hour. For adhesion assays, K562 cells (1.0ϫ10 5 ) were labeled with 5 M Calcein AM (Vybrant Cell Adhesion Assay Kit, Invitrogen) for 30 minutes, then washed, resuspended in FBS-free medium and added to fibronectincoated 12-well plates for 0.5 and 2 hours. Unattached cells were removed by two washes with culture medium. Fluorescence intensity was then measured using a Wallac 1420 workstation (PerkinElmer, Waltham, MA) to detect emission at 494 nm before and after washes. Adhesion percent is calculated as (adherent cell fluorescence -background)/(total cell fluorescence -background). The background is taken as fluorescence of cells without Calcein AM labeling.
For spreading assays, K562, MOLT-4 and RD cells (1.0ϫ10 5 ) were plated on fibronectin for 0.5-6 hours, and then photographed. To quantify cell spreading, 'deviation from round' was calculated by dividing the theoretical maximum area for a given perimeter (perimeter 2 /4) by the observed pixel area (Zhang et al., 2001 ) obtained using Scion Image software (Scion Corp., Frederick, MD). Cells with values >1.2 were judged to be spread (1.0value for a perfectly round cell). At least 50 cells from three independent experiments were evaluated for each data point presented.
For cell aggregation assays, 12-well plates were either non-coated or coated with 10 g/ml collagen I (Santa Cruz) or laminin-5 (produced from human A431 cells). MOLT-4 cells (1.0ϫ10 5 ) were dispersed, washed in FBS-free medium, incubated in 12-well plates and then photographed after 2 hours. Cell images were acquired with a monochrome CCD camera (Spot RT; Diagnostic Instruments, Sterling Heights, MI) on a microscope (Axiovert 135; Carl Zeiss MicroImaging, Thornwood, NY). Cell shape was evaluated by the Scion Image Software.
Flow cytometry
MOLT-4, K562, RD, U937 and HT1080 cells (1.0ϫ10 5 ) were stained with 1.0 g specific mAb for 1 hour on ice, followed by 30 minutes with FITC-conjugated secondary antibody (Biosource, Camarillo, CA) and then analyzed using a FACS Calibur (Becton Dickinson, Bedford, MA). At least 10,000 cells were counted per sample. Graphs were processed using FlowJo software (Tree Star, Ashland, OR).
Immunofluorescence
Cells grown on glass cover slips were fixed with 4% paraformaldehyde at 4°C for 15 minutes and permeabilized by 0.1% Triton X-100 in PBS for 5 minutes, and then rinsed with phosphate-buffered saline (PBS). Cells were then blocked (1 hour) with 3% BSA in PBS (w/v), immunolabeled with CD9 primary antibody (1 hour), followed by AlexaFluor488-conjugated goat anti-mouse IgG for 1 hour (Invitrogen). For double staining of CD9 and F-actin, cells were stained with AlexaFluor594-phalloidin (30 minutes) before incubation with CD9 antibody. Cells were then mounted [ProLong Gold antifade mounting media containing DAPI (Invitrogen)] and imaged using a Leica SP5X laser scanning confocal microscope (Leica Microsystems, Chicago, IL). Microvilli greater than 5 m were counted using Scion Image software and the cells from 10 random pictures were quantified.
Immunoprecipitation and immunoblotting
K562 and RD cells were washed twice with PBS and lysed in buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 2 mM MgCl 2 , 2 mM CaCl 2 ) containing 1% Brij 96 or Triton X-100 (Sigma) and EDTA-free protease inhibitors. After 1 hour at 25°C, insoluble material was removed by centrifugation. For immunoprecipitation, lysates were precleared for 1 hour with protein G-sepharose beads (Pharmacia, Uppsala, Sweden). Specific antibodies (1-2 g) were added to lysates of total protein (500 g) and incubated at 4°C overnight. Antibody-protein complexes were captured using protein G-sepharose beads, washed three times with lysis buffer, and immune complexes were eluted in 2ϫ Tris-glycine SDS sample buffer. For immunoblotting, samples were resolved by SDS-PAGE, transferred to nitrocellulose membrane (Whatman, Dassel, Germany), blocked with 5% nonfat milk blocking agent, incubated with specific antibody, followed by addition of peroxidase-or HRP-conjugated secondary antibody and chemiluminescence detection (SuperSignal West Pico Chemiluminescent Substrate, Thermo Scientific, Rockford, IL). For multiple blottings, membranes were stripped with Restore Western Blot Stripping Buffer (Pierce). Band intensities were quantified using Quantity One software (Bio-Rad, Hercules, CA), with non-CD9 band intensities calculated relative to CD91.00.
SILAC
U937.7C2 cells lacking CD81 and CD9 (a gift from S. Levy, Department of Medicine, Stanford University, Stanford, CA) were stably transduced to express wild-type CD9 or mutant CD9. U937-CD9 cells were labeled with isotopically heavy leucine (U-13 C 6 -leucine; Cambridge Isotope Labs, Andover, MA) using RPMI labeling medium lacking L-leucine. Mutant CD9 cells were grown in isotopically light L-leucine (Sigma). All cells were maintained in labeling medium [also containing 10% dialyzed fetal calf serum (Hyclone) and penicillin-streptomycin (Invitrogen)] for 10 days to ensure complete labeling. Equal numbers (2ϫ10 9 cells each) of U937-CD9 (heavy leucine) and U937-CD9 mutant (light leucine) were then mixed, washed three times with PBS and lysed together in lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM MgCl 2 , 2 mM CaCl 2 ) supplemented with 1% Triton X-100 (Roche Applied Science) or 1% Brij 96 (Sigma), and protease inhibitor mixture (Roche Applied Science) at 4°C for 1 hour. Lysates were centrifuged for 30 minutes at 20,000 g and supernatants were pre-cleared stepwise with protein A-sepharose, protein G-sepharose and two irrelevant antibodies covalently coupled to protein Aagarose. After each pre-clearing, the lysates were centrifuged for 5 minutes at 20,000 g. After final pre-clearing, the supernatants were mixed with CD9 antibody (ALB6) that had been covalently coupled to protein G-sepharose beads (using dimethylpilimidate; Sigma) and incubated for 16 hours at 4°C. Beads were then extensively washed with lysis buffer (100 ml), and proteins were eluted with 100 mM glycine, pH 2.5, and the eluted fractions were neutralized with 1.5 M Tris-HCl, pH 8.8. After polyacrylamide gel electrophoresis and silver staining, gel lanes (~2 cm long) were excised, proteins were in-gel digested with trypsin and then analyzed Fig. 8 . CD9 mutation effects on cell-surface organization. RD cells expressing CD9 or mutant CD9 were incubated with 4.0g low-affinity anti-CD9 antibody (C9BB, A) or 1.0g high-affinity antibody (MM2/57, B) for the indicated times, and CD9 mean fluorescence intensities (MFIs) were plotted. Right panels show representative flow cytometry profiles from the 1 hour time point.
